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ABSTRACT
Prominences are incredibly dynamic across the whole range of their observable spatial scales, with observations revealing
gravity-driven fluid instabilities, waves, and turbulence. With all these complex motions, it would be expected that instabilities
driven by shear in the internal fluid motions would develop. However, evidence of these have been lacking. Here we present the
discovery in a prominence, using observations from the Interface Region Imaging Spectrograph (IRIS), of a shear flow instability,
the Kelvin-Helmholtz sinusoidal-mode of a fluid channel, driven by flows in the prominence body. This finding presents a new
mechanism through which we can create turbulent motions from the flows observed in quiescent prominences. The observation
of this instability in a prominence highlights their great value as a laboratory for understanding the complex interplay between
magnetic fields and fluid flows that play a crucial role in a vast range of astrophysical systems.
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1. INTRODUCTION
Solar prominences are cool plasma suspended in the 106 K
solar corona by magnetic fields (Tandberg-Hanssen 1995).
Space-based observations has revolutionised our understand-
ing of prominences, where we now know that they are incred-
ibly dynamic across the whole range of observable spatial
scales (Mackay et al. 2010). Investigations show that the dy-
namical features observed in prominences both drive and are
driven by gravity-driven fluid instabilities (Berger et al. 2010,
2011; Hillier et al. 2011a, 2012; Hillier 2018), waves (Ar-
regui et al. 2012; Hillier et al. 2013; Antolin et al. 2015), and
turbulence (Leonardis et al. 2012; Freed et al. 2016; Hillier
et al. 2017).
The complex motions observed in prominences can be
clearly seen to create shear flows, and so it would be expected
that instabilities driven by this shear would develop. The
classic shear flow instability is the Kelvin-Helmholtz insta-
bility (KHi), which breaks up coherent sheets of vorticity into
vortices. This instability comes in two distinct flavours: the
surface mode of the instability that drives vortex formation at
the boundary between two non-parallel flows(Chandrasekhar
1961), and the modes that act on channel flows including the
sinusoidal-mode which drives the development of serpentine
patterns (Drazin & Reid 1981). Magnetic fields work to sup-
press the instability. For an arbitrary shear flow, stability of
the flow is guaranteed unless the difference between the max-
imum and minimum velocities is twice the minimum Alfvén
velocity in the direction of the flow (Hughes & Tobias 2001).
The surface mode of the KHi has been observed in many
astrophysical systems. This includes where the solar wind in-
teracts with the flanks of the magnetosphere (e.g. Hasegawa
et al. 2004), associated with erupting regions (Ofman &
Thompson 2011), on the flanks of coronal mass ejections
(Foullon et al. 2011; Möstl et al. 2013) and where emerg-
ing magnetic flux interacts with prominences (e.g. Berger
et al. 2010; Ryutova et al. 2010; Berger et al. 2017). The
sinusoidal-mode of a channel flow has proved more elusive,
but it is believed to be important in coronal plumes (An-
dries & Goossens 2001), and astrophysical jets (Ferrari et al.
1981).
There has been a wide range of numerical and analytical
studies investigating the role of this instability in astrophys-
ical settings, often in the context of explaining observations
(e.g Foullon et al. 2011; Ofman & Thompson 2011; Möstl
et al. 2013). Miura & Pritchett (1982) investigated the linear
growth rate of the magnetic KHi for continuous compressible
flows finding that increases in the width of the shear layer
reduces the growth of the instability and that the instability
can be suppressed by compressibility. One important role of
the nonlinear evolution of the KHi is its ability to develop
turbulent flows through reconnection and secondary instabil-
ities (e.g. Matsumoto & Hoshino 2004). This process has
been seen in numerical studies of kink waves in the solar at-
mosphere, which found that the KHi can grow and become
turbulent on the surface of oscillating coronal loops (e.g. Ter-
radas et al. 2008) and prominence threads (e.g. Antolin et al.
2015).
There have been observations in the solar atmosphere, in-
cluding in prominences, of the surface mode of the magnetic
KHi but observations of the sinusoidal-mode of the instabil-
ity are still lacking. Here we present the discovery in a promi-
nence, using observations from the Interface Region Imaging
Spectrograph (IRIS; De Pontieu et al. 2014), of streams of
fluid developing serpentine patterns as a result of becoming
unstable to the KHi.
2. OBSERVATIONS
On 30 June 2015, IRIS observed a quiescent prominence
on the Southeast limb between 6:57 and 11:20 UT (Fig. 1).
The IRIS slit-jaw imager (SJI) observed the prominence in
three broadband filters centred on the Mg II k 2796.4 Å, C II
1335.78 Å and Si IV 1402.77 Å lines, formed at tempera-
tures of 104, 104.5 and 104.9 K respectively, making it per-
fect for the study of prominence dynamics (e.g. Schmieder
et al. 2014). The images were taken with a 96 s cadence over
a field-of-view of 167”×174” and a spatial resolution of ap-
proximately 120 km (0.167”/pix). The IRIS spectrograph ran
a sit-and-stare study, whose slit position is marked by the
black line in Fig. 1). While the IRIS slit was observing a rel-
atively quiet region of the prominence, the IRIS SJI images
caught interesting dynamics in the prominence body. There
is no Hinode SOT data available for this study.
The Solar Dynamics Observatory (SDO) Atmospheric
Imaging Assembly (AIA; Lemen et al. 2012) acquired full-
Sun images with a spatial resolution of approximately 870–
1,230 km (0.6”/pix) and a cadence of ∼ 12 s. In this work,
we use 171 Å images, mostly showing 0.7–1.5×106 K opti-
cally thin emission, to provide contextual information on the
coronal plasma in and around the prominence (Fig. 1).
To highlight the dynamical features under study an un-
sharpened mask was applied to the IRIS SJI images, as
shown in Figs. 2 & 3. We co-aligned the IRIS and AIA ob-
servations to correct for small differences in the instruments
pointing. The co-alignment was performed by comparing im-
ages of the prominence formed in the IRIS SJI Mg II and
Si IV passbands with the AIA 304 Å images (T= 104.7 K).
The prominence reached a height of approximately 55,000
km above the solar limb with a width of 60,000 km and was
relatively square in shape (see Fig. 1). What appears to be a
bubble (Berger et al. 2010) was visible in the lower right re-
gion of the prominence and the main body of the prominence
consisted of multiple, recurring flows both aligned with (e.g.
Chae 2010) and in the opposite direction (e.g. Hillier et al.
2011b) to solar gravity. The central region of the prominence
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Figure 1. Quiescent prominence observed by IRIS and AIA on 30 June 2015. Panel a shows the 171 Å image with the intensity in log-scale.The
light blue box shows the field of view of IRIS and the slit location (dotted line). The rotated black box indicates the prominence region shown
in panels b and c. Panels b and c show the Mg II k and Si IV images of the prominence (log-scale) with the white boxes marking the regions
used in Fig. 2 and 3 respectively. The black line in panels b-c shows the position of the slit. Movies available from the published paper.
presented many clear examples of these flows. Close inves-
tigation of the flows in this region reveal that they develop a
shear-flow instability and roll up on themselves through the
formation of vortices (see Figs. 2 and 3), although, due to
the placement of these flows far from the IRIS slit position,
no spectral data is available. We present two of the clearest
examples of these dynamics.
3. ANALYSIS
One of the downflows, observed in the IRIS SJI Mg II k
channel, forms our example 1 (Fig. 2, top two rows). This
particular flow accelerated at approximately one quarter of
solar gravitational acceleration, from 9 km/s to a speed of
16 km/s. It had a width of 900 km and is characterised by
a bright, descending plasma blob as part of a chain of blobs
moving downwards in a bright thread. As this blob falls, its
tail bellows out to the right (as viewed by the observer) and
begins to wrap around the structure, the whole process taking
around 360 s. The length along the thread associated with the
rolling up of the downflow is 3,200 km.
The second downflow (Fig. 3, top two rows) was found in
a warm (≈ 8× 104 K) ejection that formed part of a stream
of upward moving plasma observed in the IRIS SJI Si IV
channel. The ejected thread, with width of 480 km, moved
upward at a projected speed of 34 km/s. It did not remain
straight, but develops a sinusoidal pattern that is symmetric
about the axis of the thread. This develops incredibly quickly,
i.e. over the space of 90 s, and disappears just as rapidly. The
wavelength of sinusoidal structure is 2,000 km.
There are two interesting differences between these two
examples. Firstly, the second unstable serpentine structure is
relatively symmetric about its central axis, which is not the
case for the first example. This suggests that different flow
patterns are possibly at play in the two cases. In addition,
while the first downflow is noticeably clearer in the chromo-
spheric Mg II k line, the second downflow is only observed
in the TR Si IV passband, highlighting the different tempera-
tures at which these dynamics occur. Not only does this tell
us that observing prominences across a wide range of tem-
peratures is important to reveal the full range of motions, but
also that there are not any clear temperature changes during
the evolution of the flow.
The main quantities calculated from the data in this pa-
per are the speeds of the flows, their widths and the wave-
lengths of the instabilities. The speed was calculated by de-
termining the change of position of the bright structure in the
thread between images and dividing this distance by the ca-
dence (96 s). The method for determining the thickness of
the thread, shown in Fig. 4, is based on the full-width-half-
maximum of a fitted Gaussian distribution to the intensity
across the thread and taking this as the thread thickness. For
example 1 the estimate of the wavelength is shown in Fig. 4
panel a, whereas for example 2 it is calculated as the mean
distance between the wavelength peaks in Fig. 3.
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Figure 2. Top and middle rows: series of images showing the
rolling up of a downflow in the Mg II k and Si IV channels respec-
tively. The observed intensities are taken from the region marked
in Fig 1, panel b. The arrows marked ex. 1 show the example of the
downflow that rolls up and are used to highlight the rotation of the
structure. The start and end time in UT of is given at the base of the
images.
Bottom rows: MHD simulation for ex. 1 using a cadence of 320 s.
The arrows in the first panel show the initial velocity distribution.
W is the flow width.
4. SIMULATIONS
To attempt to model the observed dynamics we performed
numerical simulations using the (PIP) code (Hillier et al.
2016). The simulation presented here is a 2.5D calculation of
a plasma β = 0.3 and γ = 5/3 medium with the magnetic field
at an angle of 5◦ to the normal of the plane resulting in By
and Bz components, which is consistent with measurements
of the predominantly horizontal magnetic field, low plasma
β environment of quiescent prominences (see Mackay et al.
2010, and references therein). The simulation domain is −4
to 4 in the x direction and −6 to 6 in the y direction (where
these lengths are normalised by the width of the jet (W ) and
Figure 3. Top and middle rows: series of images showing an unsta-
ble upflow in the Mg II k and Si IV channels respectively. The ob-
served intensities are taken from the region marked in Fig 1, panel
c. By the third panel, three undulations have developed. The start
and end time in UT of is given at the base of the images.
Bottom rows: MHD simulation for ex. 2 using a cadence of 204 s.
The arrows in the first panel show the initial velocity distribution.
W is the flow width.
allow at least two wavelengths of the instability to form) with
resolution of 200×300 grid points.
There are two different initial conditions used for the nu-
merical experiments. The initial density and velocity profiles
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Figure 4. Distribution of intensity across the threads for ex. 1 (a) and ex. 2 (b). The intensity (solid line) is fitted with a Gaussian distribution
(dashed line). The inset in each panel shows the position of the slit used to measure the intensity across the thread (turquoise for a and yellow
for b). The white line in the panel a inset gives the wavelength.
are given as:
ρ = ρl+
1
4
(ρu −ρl)
(
tanh
[(
0.5− x
0.3
)]
+1.0
)
(1)
×
(
tanh
[
x+0.5
0.3
]
+1.0
)
vy = vyl+
1
A
(vyu − vyl)
(
tanh
[(
0.5− x
0.3
)]
+B
)
(2)
×
(
tanh
[
x+0.5
0.3
]
+1.0
)
where ρl = 1, ρu = 2, vyl = −0.8CS and vyu = 0.4CS, with A = 6
and B = 2 for example 1 and A = 4 and B = 1 for example
2. Equation 2 produces the velocity profile depicted by the
arrows in the first panel of the bottom rows of Figs. 2 and
3. Note that the values of the velocity are chosen to make
the linear instability development static in the rest frame of
the simulation, and to match with the observations we use
a shear flow velocity that is close to the value of the local
sound speed (e.g. approximately 10 km/s in the dense, cool
regions of the prominence). The density variation is taken
to be within the expected variation of prominence density
(e.g. Labrosse et al. 2010). The instability is initiated with
a small amplitude random noise perturbation in the velocity
field. Gravity is not included in these calculations, but as the
vertical direction is orthogonal to the density gradients its in-
clusion would not change the onset of instability.
During the evolution of the density distribution for both
simulations (see bottom rows of Figs. 2 and 3), the dense
thread becomes unstable and forms undulations. This is as a
result of the formation of alternating vortices on either side
of the thread and leads to structures that are visually sim-
ilar to those observed. Once the instability is sufficiently
evolved, currents build up as a consequence of the bending
of the magnetic field, which ultimately results in the mag-
netic field reconnecting and destroying the undulations (Mak
et al. 2017). This physical process reproduces the key fea-
tures of the observed dynamics. The main difference between
the two simulations is that the first has the largest velocity on
the left hand side, while the velocities on the left and right
are the same in the second simulation. While the former sim-
ulation leads to the billowing out to the right as observed in
Fig. 2, the symmetric flow leads to symmetric undulations
as seen in Fig. 3. In the non-linear stage of the simulations
there are features that we cannot readily identify in the obser-
vations, including the spurs that extrude from the sinusoidal
shapes in Fig. 3. The nonlinear dynamics will depend on the
parameters of the system and we expect stronger magnetic
fields, for example, would reduce these spurs. A full param-
eter study would reveal the best parameters to reproduce the
observations, though higher spatial and temporal resolution
of the observations may reveal these structures occurring in
the prominence.
The simulated instability, which so nicely matches with the
observed dynamics, is a modified version of the Bickley jet.
This jet is unstable to the sinusoidal-mode of the KHi (Drazin
& Reid 1981), which is driving the undulations in our simu-
lations by making the jet develop a sinusoidal structure at a
preferred wavelength of ∼ 3.5 times the characteristic width
of the flow (Drazin & Reid 1981; Hughes & Tobias 2001).
For the observations, we find aspect ratios of the width and
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the wavelength of 3.5 for the example 1 and 4.1 for example
2, which are similar to the value predicted by theory.
An analytical statement of the linear stability criterion of
our model in not possible, but it is for the simplified setting
of an incompressible slab (mimicking the dense thread) sym-
metric about x = 0 of width W with discontinuous jumps in
the density and velocity and a uniform magnetic field. For 2D
perturbations to this model the dispersion relation is given by
(e.g. Nakariakov et al. 1996):
ρ2
(
(Vy,2 + c)2 −V 2A,y,2
)
tanh
(
kW
2
)
(3)
+ρ1
(
(Vy,1 + c)2 −V 2A,y,1
)
= 0
where the subscripts 1 and 2 denote the external and inter-
nal medium respectively for the velocity (Vy), density (ρ) and
Alfvén speed in the vertical direction (VA,y), and c is the com-
plex wave speed. This gives a condition for instability, as-
suming ρ2 > ρ1, of:
MA >
√
ρ1
ρ2
+1, (4)
where MA = |Vy,2 −Vy,1|/VA,y,1. For small density contrasts
this becomes MA & 2. However, it is not clear by how
much the instability bounds would increase for the non-
discontinuous profiles expected in the solar atmosphere.
We have focussed on the interpretation that the KHi drives
the dynamics. However a couple of related explanations may
exist. An MHD kink wave would produce sinusoidal struc-
tures as would a negative energy wave (a dissipative insta-
bility giving an overstable kink wave, e.g. Ruderman et al.
1996). Example 1 shows direct instability growth so these
other explanations do not hold, but for example 2 the low ca-
dence of the observations means we have to consider these
possibilities. If this were a wave, it’d have to be highly
nonlinear though there is no obvious strong driver (a neg-
ative energy wave may circumnavigate this) and there are
no observed oscillations. Also a wave would struggle to ex-
plain why these structures only develop for shear flows and
with the particular aspect ratio. Higher cadence observations
would help to properly discount these possibilities.
5. DISCUSSION
One question that needs to be addressed is: in highly dy-
namic prominences, why do we not see this instability de-
veloping everywhere? In some cases it will just be that the
angles of the instability to the line of sight are such that noth-
ing can be observed even though the instability is growing.
However, one part of this answer is likely to be that the mag-
netic fields are strong enough to at least delay the growth of
the instability so that it does not become noticeable in many
places. It is quite likely that, now we have discovered the
presence of the KHi associated with prominence flows, many
more instances will come to light.
In these observations we found a shear flow instability for a
velocity differences between ∼ 15 and 35 km s−1 and for this
to be unstable we require MA & 2. As this condition does not
include other important suppression mechanisms like con-
tinuous distributions, compression and viscosity (though the
large Reynolds number will make this relatively unimpor-
tant), we can expect that the actual requirement for instability
will be greater. Therefore, to achieve the fast development
the instability as presented here velocity differences some-
where beyond this limit will be required.
An interesting result is that the flows presented here can-
not be moving along magnetic field lines, unless the mag-
netic field strengths of this prominence are weaker than mea-
sured values (e.g. Leroy 1989; Casini et al. 2009; Orozco
Suárez et al. 2014; Levens et al. 2016), but are moving al-
most perpendicular to the field, carrying it along with the
flow. The high frequency with which small-scale flows ap-
pear means that the prominence magnetic field must be con-
stantly twisted up and redistributed by these flows. Over the
lifetime of a prominence this may lead to magnetic energy
being transferred around the prominence, slowly evolving the
global structure until it becomes unstable and erupts.
In our modelling we have not taken into account the op-
tically thick prominence Mg II emission. Though the char-
acteristic speeds used in the modelling in this paper can be
easily obtained by tracking prominence motions and the size
of the flows can be measured, it is much harder to accurately
determine the velocity and density distributions. Therefore,
more work is necessary to go beyond the proof-of-concept
simulations presented in this paper and to make it to possible
to use this instability to directly infer the plasma and mag-
netic field conditions inside the prominence.
The discovery of this instability provides an explanation
for how observed vortical motions (Liggett & Zirin 1984) can
be formed in a prominence and also has great implications
for understanding the development of turbulence in promi-
nences. Investigations into this turbulence have revealed that
a characteristic length scale of a few thousands of kilometres
exists in the turbulence (Leonardis et al. 2012; Hillier et al.
2017), where this length is a factor of a few longer in the ver-
tical direction than the horizontal (Hillier et al. 2017). The
unstable flows presented here are at just the right size to drive
turbulence from this scale inside the body of the prominence.
The magnetic KHi is one of the fundamental instabilities
of fluid dynamics, and this means that it regularly occurs in
many different astrophysical systems across a huge range of
scales. Due to the commonality of the physics, by inves-
tigating this instability in one system we can learn about
how it works in a wide range of other astrophysical sys-
tems. The high temporal and spatial resolution that is given
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by space-based, and will be given by future ground-based,
observations of prominences means that we have an excep-
tional opportunity to investigate this important astrophysical
phenomenon.
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